We consider a strongly interacting twin Higgs (SITH) model where an ultraviolet completion of twin Higgs mechanism is realized by a strongly coupled approximately scale invariant theory. Besides the Standard Model (SM) and twin sectors, the low energy effective theory contains a relatively light scalar called a dilaton -the pseudo Goldstone boson of spontaneously broken scale invariance. The dilaton provides a unique portal between the SM and twin sectors whose phenomenology could provide an important probe of the twin Higgs mechanism. As a concrete example, we consider a holographic twin Higgs model where the role of the dilaton is played by the radion. The phenomenology of this model is fully determined by a few parameters and our analysis concludes that at the HL-LHC (14 TeV) and HE-LHC (27 TeV) with 3000/fb most of the natural parameter space can be probed.
Introduction
The discovery of the SM-like Higgs boson with a mass of 125 GeV at the Large Hadron Collider (LHC) [1, 2] has initiated an intense effort in the theoretical physics community to understand the origin of electroweak symmetry breaking (EWSB). One of the outstanding issues which we hope to shed light on is the gauge-hierarchy problem. Most of the beyond the SM (BSM) scenarios addressing this issue typically predict properties of the Higgs boson which are modified with respect to the SM Higgs boson, as well as a plethora of new physics states at the TeV scale. Probing the structure of EWSB therefore requires simultaneous considerations of modified Higgs properties and bounds on new physics states within a given model. In recent years BSM scenarios have come under increasing tension with the ATLAS and CMS collaborations having made significant progress in probing the couplings of the Higgs boson to the SM fields, with all major production modes now observed at more than 5σ significance, and pushing the lower bounds on many new physics states to the TeV scale.
A particularly intuitive explanation of electroweak symmetry breaking is present in the composite Higgs paradigm [3] [4] [5] [6] [7] [8] . These models employ a strongly coupled gauge theory such that confinement at the scale Λ ∼ O(5−10) TeV triggers the spontaneous breaking of a global flavor symmetry G to a subgroup H. The resulting Goldstone bosons transforming in the G/H coset include the SM Higgs doublet (for review see e.g. [9] [10] [11] ). This framework provides an intriguing possibility to solve the hierarchy problem, however at the cost of introducing new states due to strong dynamics close to electroweak scale. This runs into several phenomenological problems. The experimental results from direct searches for top-partners at the LHC [12] and indirect constraints from EWPT and flavor physics [13] place stringent constraints on these states calling into question the naturalness of the composite Higgs solution to the hierarchy problem, and thus poses the little hierarchy problem.
A novel solution to this little hierarchy problem is provided for in the so-called neutral naturalness paradigm of which the twin Higgs (TH) model [14] [15] [16] is the primary example. The twin Higgs mechanism relies on two important ingredients: (a) the SM Higgs doublet is a pseudo-Goldstone boson multiplet which emerges due to the spontaneous breaking of a global symmetry at a scale f , and (b) a Z 2 exchange symmetry between the SM and a new 'twin SM' which leads to the cancellation of the leading quadratic divergences in the Higgs potential through states that are not charged under SM gauge symmetry, i.e. neutral top-partners. In its infancy the model assumed that each SM field has a corresponding twin state, this is now referred to as the 'mirror twin Higgs' (MTH) model. Since then models have been studied which, despite being more minimal in the field content, employ the same mechanism and solve or alleviate the top-partner problem [17] [18] [19] [20] [21] . These twin Higgs models are however only valid up to scales of O(5−10) TeV where they require a UV completion. There are a number of proposals for UV completions of twin Higgs models, the most compelling of which are the composite/holographic twin Higgs models [22] [23] [24] [25] [26] [27] . In the composite scenarios the twin Higgs mechanism arises as an effective description of some gauge theory which becomes strongly interacting near the TeV scale, thus we refer to this as the strongly interacting twin Higgs (SITH) model.
It is the aim of this paper to study the SITH model where the gauge theory in the UV is approximately scale-invariant. Below the mass scale m * associated with the composite states charged under the SM and twin sectors, these models are described by the SM and its mirror copy which are connected through a Higgs portal. Due to the twin Higgs mechanism the strong dynamics scale m * can naturally be above the reach of the LHC without introducing fine tuning in the SM Higgs potential [23] [24] [25] . A modest choice of m * ∼ O(5) TeV can put the new states associated with the strong dynamics out of reach at the LHC. However, the flavor and EWPT constraints still require much higher scales 1 , which can not be pushed arbitrarily high for fixed value of f due to perturbativity constraints, i.e. m * √ 2 πf [29] . However, if the new strong dynamics is conformal in the UV then the flavor scale can be well separated from the twin Higgs symmetry breaking scale f . This scenario is motived by the proposal of alleviating flavor problem in technicolor models [30] . Alternative possibility is that the SM and twin sector fermions acquire mass through mixings with heavy composite states, and hierarchical couplings in the flavour sector are explained through the renormalization group evolution (RGE) of the couplings from the UV [31] . In this scenario the top quarks of both the SM and twin sectors are mostly composite, whereas the light fermions are mostly elementary. The gauge bosons of the twin Higgs model are external to the conformal field theory (CFT), and the SM Higgs boson in this scenario is a composite pseudo-Goldstone state.
The approximate scale invariance in the SITH model is broken spontaneously near the scale f at which the global symmetry G is spontaneously broken. In the low energy effective field theory (EFT), besides the SM and its twin copy, we will thus have:
(i) a relatively light scalar, the dilaton; this is the pseudo-Goldstone boson associated with the spontaneous breaking of scale invariance, (ii) a new portal between the SM and twin sectors, mediated by the dilaton.
The scale invariance is broken spontaneously at scale Λ F = 4πF by confinement in the strongly coupled theory, where in low energy the symmetry is realized nonlinearly by the dilaton with vacuum expectation value (VEV) denoted by F [32] . The couplings of the dilaton to the SM and twin sector states can be determined purely by symmetry considerations. More specifically, in the infrared (IR) these couplings can be calculated in terms of: (a) the explicit breaking of scale invariance in the UV, and (b) the mass dimensions of the operators in the IR EFT. The phenomenology of the dilaton and the more formal aspects related to the dilaton potential have received a lot of attention in recent years [33] [34] [35] [36] [37] [38] . Of most relevance to this work are the studies of dilaton phenomenology in composite SM extensions [39] [40] [41] [42] . What makes this an interesting consideration is that the dilaton acts as a portal between the SM and the twin sectors and, unlike the Higgs portal, it couples to the both sectors with similar strength 2 .
As a tool in deriving predictions from such a construction, we will use a holographic 5D set-up, where the AdS/CFT correspondence [45] is used to provide the link between the AdS Randall-Sundrum (RS) models [46] [47] [48] [49] [50] [51] and strongly coupled scale invariant extensions of the SM. Holographic techniques have been used in many studies of composite Higgs models to provide a consistent and calculable framework [6] [7] [8] for phenomenology and for predicting relations between the masses and couplings of different states. In the context of the twin Higgs mechanism the holographic realizations are studied in [23, 26, 27] . In the holographic picture the field content exists in a 5D spacetime bounded by two D3-branes, and in the bulk there is a negative cosmological constant inducing an AdS curvature which warps 4D energy scales along the extra dimension. The bulk fields are dual to primary operators of the CFT. The brane at the IR end of the extra dimension, the IR brane, is associated with the confinement of the new gauge-fermion system of the 4D model. While the other brane, the UV brane, is associated with the states external to CFT. The global symmetries on each brane must respect this correspon-dence. The 5D fields in the bulk each give rise to a tower of massive 4D Kaluza-Klein (KK) modes. It is the presence of the IR brane that induces this mechanism, thus it is associated both with the spontaneous breaking of G and the spontaneous breaking of the approximate scale invariance. Fluctuations in the position of the stabilized IR brane are identified with a physical field, the radion [52] , which through the AdS/CFT correspondence is associated with the dilaton in 4D [47] . Therefore holography presents a consistent and predictive framework in which to study the interplay between the dilaton and composite twin Higgs sectors.
It is important to emphasize that the holographic models also permit an elegant description of the partial compositeness, with the SM and twin sector fermions having exponentially localized wavefunctions in the bulk entirely controlled by a 5D mass parameter [48, 49] . The composite states (vector-like KK fermions and KK bosons) and the Higgs field have wavefunctions localized in the IR, therefore through the 5D mass parameters one can control the couplings of the SM fermions to these states. Note that O(1) variations in the 5D mass parameters for the SM and twin fermions corresponds to exponential shifts in their couplings to both the Higgs and the composite states. This allows for natural exponential hierarchies in the flavour sector and for a natural suppression of KK-mediated flavour violating couplings for lighter fermions.
The paper is structured as follows: In the next section we present an effective theory for the SITH model with an approximately scale invariant UV description, where we give a brief overview of the model and introduce the dilaton field as a nonlinear realization of the spontaneously broken scale invariance. We then present the EFT predictions for the dilaton couplings to the light fields within the model and in Sec. 3 we implement the holographic realization of the SITH model. Finally, in Sec. 4 we present a detailed phenomenological study of the dilaton portal SITH model, where our analysis is based on the LHC Run-2 data for direct searches and indirect constraints on the model parameters. We present our conclusions in Sec. 5. We supplement the work with an appendix A containing the Feynman rules of three point vertices in the model .
Effective field theory of the SITH
We consider a SITH model where the UV completion is approximately scale invariant. To study the low energy phenomenology we use an EFT where heavy composite states have been integrated out. In the effective Lagrangian we are then left with just the SM states, the twin states, and a light pseudo-Goldstone boson associated with the spontaneous breaking of approximate scale invariance, the dilaton.
The SITH model
We assume that the Higgs field arises as a pseudo-Goldstone boson of an approximate SO(8) global symmetry, spontaneously broken to SO (7) at the scale f [23] [24] [25] . This global symmetry is broken explicitly by couplings of the SM and twin SM matter fields with the Higgs doublet, which in the end results in a loop-induced potential for the Higgs doublet. We parameterize this spontaneous breaking by acquiring VEV with the field
where Σ 0 ≡ Σ = f (0, 0, 0, 0, 0, 0, 0, 1) , Tâ are the broken generators of SO(8)/SO (7) coset, and hâ are the corresponding seven Goldstone bosons. The specific global symmetry for the electroweak sector in this model is
The two SO(4) groups correspond to the custodial groups for the SM Higgs and the twin Higgs doublets, and hatted indices on the subscripts imply that the subgroup is associated with the twin sector. From this global symmetry we can gauge subgroups corresponding to the spin-1 fields of the SM and twin sectors. We gauge SU (2) L ×U (1) Y and its twin SU (2)L×U (1)Ŷ , where the SM and twin hypercharges are defined as Y = T 3 R + 4 3 X andŶ = T 3 R + 3 4X , respectively. As SO(8) is spontaneously broken to SO (7) , the SO(4) subgroup corresponding to the custodial symmetry of the twin Higgs is broken to SO(3). This means that there will be a heavy radial mode from the breaking corresponding to the twin Higgs doublet, and a massless Goldstone SO(4) multiplet corresponding to the SM Higgs doublet. The radial mode of the twin Higgs doublet is integrated out along with other heavy composite states 3 . In the unitary gauge, six of the Goldstone bosons are 'eaten' by the SM and twin weak gauge bosons (W ± , Z,Ŵ ± ,Ẑ) and the Σ field takes the form
3)
where h ≡ √ 2H † H is the Higgs boson, and H is the SM Higgs doublet under SU (2) L . The model also requires a twin QCD sector with the same gauge coupling as the SM QCD. This is achieved through embedding the SM QCD and its twin copy in a global SU (7) symmetry [23] , and then gauging the subgroup SU (3) c ×SU (3)ĉ. The SM QCD gauge group is described by SU (3) c while SU (3)ĉ describes twin QCD. The SM and twin matter fields are introduced as being external to the strongly coupled sector. To write down interactions between the SM and twin matter fields we must embed them in same representation of the global symmetries. Therefore SM and twin matter fields of the same species are embedded in the same multiplet, giving rise to the Z 2 symmetry between the two sectors which results in the softening of the Higgs potential described in the introduction. The embeddings of the SM and twin quarks in the SO(8) global symmetry are Q L /Q L ∈ 8, t R /t R ∈ 1, and b R /b R ∈ 28, with each of them being embedded in a 7 of SU (7) [23] . It is straight-forward to check that under the decomposition of SO(8) in Eq. (2.2) these embeddings result in SM and twin states with the correct quantum numbers. There are heavy resonances associated with the composite sector at a scale m * which are charged under both the SM and twin sectors. We define the scale m * ≡ g * f with g * being the strong coupling of the composite sector which has the generic size 1 g * 4π.
Below scale m * the model is described by the following EFT,
where i = (W ± , Z, γ, g) and V = (W ± , Z) for the SM gauge boson and, similarly, the hatted states correspond to the twin sector gauge bosons 4 . We have chosen ψ to run over all SM 3 In weakly coupled twin Higgs scenarios the radial mode can be relatively light. The phenomenology of such state is considered in Refs. [53, 54] . 4 The cosmology of the mirror twin Higgs models introduces some problems which can be addressed either by additional Z2 breaking [55, 56] or by completely decoupling the light states from the twin sector which do not contribute in alleviating the quadratic divergences of the SM Higgs [17] . This issue does not directly influence our results therefore we do not discuss it further.
fermions, withψ representing the twin fermions, and we have integrated out the twin Higgs radial mode. The ellipsis above represent higher order interactions among the light states. Note that the masses of the SM and twin states are related as,
Reproducing the masses of the SM electroweak gauge bosons fixes their interactions with the Higgs boson, i.e.
where g SM hV V is the SM Higgs gauge bosons coupling. The scale f is determined by the Higgs potential in Eq. 2.4 and is expected to be in the range ∼ [600−1200] GeV so as to not introduce unacceptable levels of fine-tuning. Note that in the above Lagrangian we have not included any light vector-like top-partner quarks which are usually present in composite Higgs models. This is because in the twin Higgs paradigm these light top-partners are not required in order to have a light Higgs without fine-tuning, this is instead achieved through the presence of the twin states, and the Z 2 symmetry between the SM and twin states in the unbroken electroweak phase. More details on the masses and couplings in the effective Lagrangian will be discussed in Section 3 where an explicit derivation is discussed.
A light dilaton in the SITH
As mentioned above, we assume approximate scale invariance in the UV strongly coupled model underpinning the twin Higgs mechanism, where at the scale Λ F the scale invariance is spontaneously broken. This scale is determined entirely by the UV dynamics, and is expected to be close to the scale Λ f = 4πf . The spontaneous breaking of approximate scale invariance gives rise to a light pseudo-Goldstone boson, the dilaton φ(x). Below the scale Λ F the approximate scale invariance is nonlinearly realized, such that under the scale transformation x µ → x µ = e −λ x µ , the dilaton undergoes a shift φ(x) → φ (x ) = φ(x) + λF, where λ is the scaling parameter. We can then write the dilaton field as a 'conformal compensator',
such that it transforms linearly under the scale transformation, i.e. χ(x) → χ (x ) = e λ χ(x). The VEV of χ(x), i.e. χ(x) ≡ F, sets the scale of spontaneous conformal symmetry breaking. This is useful in order to derive the low energy interactions between the dilaton and the twin Higgs sector. Under a scale transformation 
where L CFT is the CFT Lagrangian and L elem SM (L elem TS ) is the SM(twin) Lagrangian with elementary fields. Whereas, the L def captures the dynamics that explicitly break scale invariance and has the general form, 
In the following we confine ourselves to a low energy effective theory of this model and for more formal discussion of the CFT dynamics we refer the readers to Refs. [35] [36] [37] . Assuming approximate scale invariance in the UV a consistent low energy effective theory can be formulated by appropriately incorporating the conformal compensator factors in the effective Lagrangian to ensure the restoration of scale invariance. In the SO(8)/SO(7) SITH model considered here this restoration occurs through the rescaling f → f χ/F, such that the nonlinear sigma model condition becomes |Σ| 2 = f 2 χ 2 /F 2 . Therefore the kinetic term for the nonlinear sigma model would become,
where D µ is the covariant derivative in the twin Higgs model. Note that in our conventions h/f has zero (classical) scaling dimension, therefore it would not require a conformal compensator factor. After adopting this scheme one can write down an effective theory where all the heavy resonances of the strong dynamics are integrated out and in the low energy theory one recovers a twin Higgs model with a light dilaton φ(x). The explicit breaking of scale invariance in the UV generates a mass for the dilaton, we assume this breaking to be small which translates to the assumption that m φ F. Note that the explicit breaking of the scale invariance can be naturally small, if the operators responsible for explicit breaking are nearly marginal or their couplings are small, see e.g. [33] [34] [35] [36] [37] 39] . In this work we consider the case of near marginal deformations, i.e. operators in the UV with scaling dimensions ≡ 4 − ∆ 1. Furthermore, we assume that the beta function for the couplings of these operators do not grow large in the IR, i.e. β(g UV ) ∼ . These two properties ensure a relatively light dilaton whose mass squared is proportional to , i.e. m 2 φ ∼ F 2 [34] . In this work we assume the mass of the dilaton as a free parameter and require m φ F.
To capture the physics associated with the dilaton portal between the SM and twin sector we consider operators up to dimension five. We write the effective SITH model with the dilaton as,
where L TH is the Lagrangian containing for the SM and the twin sector given in Eq. (2.4). The dilaton Lagrangian is
where the ellipses in Eq. (2.14) denote higher order dilaton self-interactions, and the effective potential has the form,
For detailed discussion on the form of the effective dilaton potential see e.g. Ref. [35] . In the following we summarize the dilaton interactions with the SM and twin sector fields, where we neglect terms proportional to = m 2 φ /F 2 .
Couplings to massive gauge bosons: The coupling of the dilaton to the massive gauge boson of the SM and twin sectors arise from the gauge covariant kinetic term of nonlinear Σ field (2.12), 1 2
In the unitary gauge and working to linear order in the dilaton field, we get
Here the mass terms capture the explicit breaking of scale invariance.
Couplings to massless gauge bosons:
The dilaton couplings to massless gauge bosons in both sectors are associated with the breaking of scale invariance due to the running of the gauge couplings and are given by,
where b i terms are the beta function coefficients, defined as
In this model they are given as
respectively. We have also defined b em ≡ b 1 + b 2 and t θ ≡ tan θ W , with θ W being the Weinberg angle. The b < i and b > i above correspond to the IR and UV contributions to the beta-function coefficients for the energy scales 0 ≤ µ ≤ Λ IR and Λ IR ≤ µ ≤ Λ UV , respectively. The specific values of the b i coefficients are model dependent, and in the next section we will present a UV complete holographic model in which these coefficients can be calculated.
Couplings to partially composite fermions: Partial compositeness requires that the elementary fermions Q, U mix with the states associated with the strong dynamics operators Q, U, as
where α, β = 1, 2, 3 and Y Q are the mixing matrices. The strong sector fermionic operators Q, U transform as 8 and 1 under the SO(8) symmetry with scaling dimensions ∆ Q and ∆ U , respectively. At the linear order in dilaton field, the dilaton couplings to partially composite states are given by,
where m ij andm ij are mass matrices for the light SM and twin sector fermions, respectively.
Couplings to SM-like Higgs boson:
The dilaton couplings to the SM-like Higgs boson, which is a fully composite state, can be obtained from the kinetic term of the nonlinear Σ field at the linear order in the dilaton field,
where the explicit scale invariance breaking effects to the kinetic and mass terms of the Higgs are assumed to be small compared to the leading terms 5 and hence neglected. The dilaton-Higgs kinetic and/or mass mixing terms are model dependent [35] and in the models considered here they are small enough to be neglected, as we will discuss in the next section.
A holographic SITH model
In this section we present an explicit example where the dilaton portal is realized in the twin Higgs model and we calculate the interactions of the dilaton to the SM and twin sector states. The model we consider is the 5D holographic UV completion of the twin Higgs mechanism [23] , with the radion field taking the role of the dilaton. The effective theory is derived using holographic methods and will involve the same global symmetry structure presented in Sec. 2. Therefore we expect the effective theory to have the same structure, however with the advantages of calculability provided by the holographic model.
The holographic twin Higgs model [23] consists of an RS geometry (see Fig. 1 ) with a bulk gauge symmetry, G = SU (7)×SO(8)×Z 2 , which is broken on the IR brane to H 1 = SU (7)×SO(7)×Z 2 and on the UV brane to
The QCD gauge group and its twin arise through SU
with the hats representing the twin groups. The electroweak gauge group and its twin then arise through SO(8) ⊃ SO(4)×SO(4) SU (2) L ×SU (2) R ×SU (2)L ×SU (2)R, with SM hypercharge and twin hypercharge being defined as
Because the SM and twin fields arise from the same bulk gauge group, their bulk gauge couplings are identical. The breaking of SO (8) to SO(7) on the IR brane gives rise to seven Goldstone bosons, four of these transform as a bi-doublet of the SM sector SU (2) L × SU (2) R and assume the role of the SM Higgs doublet, while the other three are eaten (in the unitary gauge) by the twin gauge bosons (Ŵ ± ,Ẑ) of the gauged SU (2)L×U (1)Ŷ . The twin Higgs radial mode, which spontaneously breaks SO(8) to SO (7) at the scale f , is integrated-out of the low-energy effective theory by using the boundary conditions. The bulk global symmetry is broken explicitly on the UV brane through the gauging of SM and twin sector gauge symmetries, which in turn generates a non-trivial SM Higgs potential. It was shown that a realistic implementation of EWSB can be achieved with m * = m KK ∼ O(5) TeV. The measured SM-like Higgs boson mass can be reproduced in the model with the inclusion of a Z 2 breaking term [23] , we will therefore keep the Higgs mass fixed and focus on the unexplored phenomenology of the dilaton portal in this SITH model.
The holographic model employs a 5D RS geometry which enforces an exponential hierarchy in scales through an extra dimension with an Anti-de Sitter (AdS) background. The extra dimension is bounded by two D3-branes whose tensions ensure 4D Poincare invariance at every point in the bulk, i.e. the space between the branes, see Fig. 1 . The metric describing this warped extra dimension is
with k is the curvature scale and y being the extra dimensional coordinate. The branes cut off the extra dimension at y = 0 and y = L, and we refer to these as the UV-and IR-branes, respectively. Fields can live either on the branes or in the whole 5D bulk, and may have different localizations determined by the Lagrangian describing their dynamics. The presence of the branes means that each field in the bulk can be decomposed through a Kaluza-Klein (KK) decomposition into discrete 4D mass eigenstates. Aside from a possible massless zero mode, the lightest of these modes will be near the KK scale, m KK ≡ 2k e −kL , with the exact mass spectrum depending on the field's spin and the 5D mass term. The AdS/CFT correspondence relates the RS model to a strongly coupled gauge theory in 4D, whose conformal invariance is spontaneously broken near the KK scale, which in turn is dictated by the position of the IR brane. In building a holographic/composite Higgs model which renders the Higgs sector natural we expect the position of the IR brane to be at
Without a mechanism to dynamically fix the position of the IR brane a massless state, called the radion, exists in the spectrum and corresponds to fluctuations of the inter-brane distance L. In the dual picture, via AdS/CFT duality, this state corresponds to a Goldstone boson associated to spontaneous breaking of the scale/conformal invariance of the 4D CFT theorythe dilaton [42, 47] . We employ the well-known Goldberger-Wise stabilization mechanism [52] to dynamically fix the position of the IR brane, which in turn gives rise to a mass for the dilaton/radion state. The Goldberger-Wise mechanism employs a bulk scalar field whose potential is minimized for some finite value of the extra dimensional length L. The Einstein-Hilbert action for such a set-up can be written as
where g M N is the 5D metric, g is its determinant, M * is the 5D Planck mass, R is the Ricci scalar, and Φ is the Goldberger-Wise field. Fluctuations around the background metric give rise to spin-0, spin-1, and spin-2 degrees of freedom. However the presence of the branes induces a spontaneous symmetry breaking mechanism that effectively results in the massive spin-2 modes eating the spin-1 and spin-0 degrees of freedom. In the end we are left with a massless spin-0 field (the radion), a massless spin-2 field (the graviton), and a tower of massive spin-2 fields (the KK gravitons) with masses of order m KK . We describe the perturbed metric by g M N =ḡ M N + h M N whereḡ M N is that described by Eq. (3.1). To study the fluctuations one starts from the Einstein equation with the energy-momentum tensor for the SM and twin fields, the Goldberger-Wise field, and any other additional field content. A perturbation series in h M N is then performed and the couplings linear in the radion and KK graviton are extracted. Since we are only interested in the radion fluctuation we can parameterize the perturbed metric with
whereφ(x, y) is the radion 5D field. The physical radion is a mixture of the metric fluctuation and the Goldberger-Wise field Φ(x, y), however the component of the Goldberger-Wise field is typically negligible and we will assume that limit here.
Decomposing the radion field into its 4D and 5D components asφ(x, y) = φ(x)f φ (y) it is found that, in the zero back-reaction limit, the equation of motion for 5D profile of the radion is
4)
and its solution is f φ (y) = e 2ky /F, where F is a constant set by the VEV of the radion/dilaton field. We will not provide a thorough review of the Goldberger-Wise mechanism here, and we will simply assume for phenomenological reasons, that the mass of the radion is a free parameter and that the backreaction induced onto the RS metric from the stabilization mechanism is negligible 6 . This is justified through our assumption that the radion/dilaton mass is much smaller than the KK scale, i.e. m φ m KK , in accordance with the assumptions of the previous section if m KK ∼ F. The mass of the radion induces a correction to this 5D profile f φ (y) of the order m 2 φ /m 2 KK at the very most and therefore we will neglect it in the following analysis. The kinetic term of the radion is normalized with F 2 = 12M 3 * L 0 dy e −2ky , hence Once the extra dimension has been integrated out it is generally found that the radion couplings to massive particles scale as m X /F where m X is the mass of the particle X in question. This limit is exact when the SM fields all reside on the IR brane, however here we allow for the fields to propagate into the bulk, for a more complete treatment on the coupling of the radion to bulk fields, see e.g. [42] . Despite the radion being neutral it also couples to massless gauge fields via a coupling to the field strength tensor, this arises both through loops of charged matter fields and through the so-called scale anomaly.
An important feature in RS models of EWSB is usually the inclusion of a Higgs-radion mixing term on the IR brane, while such a term on the UV brane is allowed but would be exponentially suppressed by the wavefunction overlaps. In the case of a pseudo-Goldstone Higgs, as in the twin Higgs models, this term can only be induced at the loop level since the boundary conditions on the IR brane are invariant under the global symmetry. This invariance implies that any tree-level coupling between the Ricci scalar (from which the radion arises) and the pseudo-Goldstone Higgs is forbidden. The size of such a term was estimated in [35, 60] to be ∼ m 2 h /f 2 at one-loop, and assuming current bounds of f /v 3 [53, 54] we determine that in a pseudo-Goldstone Higgs scenario this term is negligible and hence we neglect such mixing in this work.
Neglecting the radion field for now, we write down the effective Lagrangians for the interactions between the Higgs, top sector, and gauge fields in the holographic SITH model: and M t,t 1 are calculated using 5D holographic techniques and can be found in [26, 62] . The form factors contain poles at the masses of the heavy composite/KK states, however in studying the phenomenology below the TeV scale we need only to look at the low energy behavior of these form factors to extract the couplings to the Higgs boson and the radion. At low momenta the gauge field form factors can be approximated as
where we use the Euclidean momenta p E . The 5D gauge couplings are then related to the 4D gauge couplings via g = g 5 / √ L for the electroweak gauge coupling, and similarly for the others. Imposing the nonlinear sigma model form factor relation Π 1 (p E = 0) = −f 2 /2, we get an expression for the KK resonance masses m KK in terms of the decay constant f of the twin Higgs field and the effective strong coupling,
In order to have the scale of the IR brane O(TeV) one requires kL ≈ 35 which already sets g * 6g with g being the SM gauge coupling. However g * can be treated as a free parameter to fix the scale of m KK for a given value of f . This allows us to write the dilaton/radion VEV F in terms of the scale f and the 5D parameters through the use of Eq. (3.5), 
The low energy form factors for the quarks are more complicated due to the 5D mass parameters, however the lightest (zero-mode) twin fermion masses can be expressed straightforwardly as
In Fig. 2 , we sketch the spectrum of holographic twin Higgs model in the presence of a relatively light dilaton/radion state φ(x) which provides a portal between the SM and twin sectors, along with the usual Higgs portal.
The Higgs coupling to gluons
The effective coupling of the Higgs to gluons is crucially important for calculating the Higgs production cross-section. It is well known that in composite Higgs models this effective coupling is modified due to the pseudo-Goldstone nature of the Higgs, and that the correction depends strongly on the form of the couplings to the colored top-partners. This has been studied both in the 4D [63] [64] [65] and 5D [66] contexts where the results match once one properly considers the presence of all relevant top-partners. Here we will consider the effective description of our holographic top sector, in which the left-handed top quark resides in an 8 of SO(8), the righthanded top quark resides in a singlet, and vector-like top-partners appear both in the 8 and in the singlet. It suffices here to only consider the SO(4) subgroup of SO(8) corresponding to the SM custodial symmetry, thus we write the SM left-handed doublet embedding as
with the vector-like top-partners embedded in the fourplet as
The right-handed top, t R , and the remaining vector-like top-partner, Ψ 1 , are simply singlets of this SO(4). Denoting the SO(4) Higgs components of the Goldstone multiplet as Σ 4 = f (0, 0, 0, s h ) T in unitary gauge, we can write down the effective theory for the top-sector as
where y and y 1,2 are all O(1) couplings generated from the 5D localizations of the left and right-handed top quarks in 5D, and m 4,1 are the vector-like masses of the lightest top-partner KK states. The modifications to the effective coupling of the Higgs to gluons then scales with ∂ ∂h log (detM ) where M is the mass matrix for the top-sector. To describe these effects we define R g = v ∂ ∂v log (detM ) as the ratio of the the Higgs coupling to gluons in the twin Higgs model to the same coupling in the SM. Assuming y 1 y 2 y and m 1 m 4 ≡ m KK we calculate this to be
Given that we assume m KK O(5) TeV due to the twin Higgs mechanism alleviating fine-tuning constraints, the v/m KK effects can be safely neglected. The Higgs coupling to twin gluons can be obtained through a simple exchange of s h ↔ c h due to the Z 2 symmetry,
where Rĝ is the ratio of the SM Higgs coupling with the twin gluons to its coupling with the SM gluons, andM is the mass matrix of the twin-top sector. This is at least valid when only the twin top quark is heavier than the Higgs, which is certainly true for the ranges of f/v considered in this paper.
Dilaton portal phenomenology
In this section we present a detailed study of the phenomenological implications of the presence of a dilaton/radion portal in the twin Higgs model. Although the pseudo-Goldstone Higgs field in the holographic twin Higgs model arises from a bulk gauge field, the dilaton/radion couplings to mass terms are more closely related to the case of a brane-localized Higgs field than a bulk Higgs field. This is because the electroweak symmetry breaking is triggered by boundary conditions on the IR brane, and in fact the pseudo-Goldstone Higgs field can be shifted to the brane via bulk gauge transformations.
The couplings of the dilaton/radion to the SM and its mirror sector states are straightforward to calculate as outlined in Sec. 2.2. The loop-induced and anomalous dilaton couplings to the massless gauge bosons are very important for the dilaton phenomenology. We collect the most important Feynman rules for the model in Appendix A, where the universal Higgs and dilaton couplings g h (ĝ h ) and g φ (ĝ φ ) to the SM (twin) sector are defined as,
The phenomenology of the twin Higgs model with a dilaton portal is determined by relatively small set of parameters; m φ , f, F, and m KK ; where f sets the masses of light twin sector states and reduced couplings for the SM Higgs, F fixes the interaction strength of the dilaton with both sectors, and m KK is the overall scale of KK modes of the both sectors which we set to O(5) TeV such that they are out of the LHC direct reach. In addition to the above four parameters, other important parameters of the model are the anomalous gauge coupling coefficients b's, which we will discuss in the following.
Decay widths and branching ratios
Now we set to calculate the partial decay widths and branching ratios of the dilaton/radion to the SM and twin sectors. The two body decays of dilaton into the SM and twin sector fermions are given as:
where g φ = v/F,ĝ φ =v/F, and the twin Fermi constant isĜ f ≡ (v 2 /v 2 )G f . In the following numerical analysis for simplicity, we take ∆ Q = ∆ U = 5/2 for the SM and twin sector fermions. This choice of scaling dimensions makes the dilaton couplings proportional to the fermion masses. In general, for light fermions these scaling dimensions differ from 5/2, however, such deviations are less relevant for the dilaton phenomenology. Moreover, in our numerical analysis we have allowed off-shell decays of the heavy fermions (the SM and the twin top quarks). The dilaton/radion partial decay width to on-shell massive SM gauge bosons is,
S V is a symmetry factor which for identical gauge bosons is 2, while otherwise it is 1. We also include the dilaton decays with off-shell massive gauge bosons, which allows for three and four-body decays of the dilaton. Similarly, for the twin massive gauge bosons partial withs Γ φ V 1V2 are given by the analogous expressions by replacing G f →Ĝ f , g φ →ĝ φ , and m V → mV . The partial decay widths of the dilaton to the SM and twin sector massless gauge bosons are,
where the c couplings are defined as,
The effective beta-function coefficients are defined in Eq. (2.18) and their explicit values are given below. The loop functions F 1/2 (τ i ), F 1 (τ i ), A 1/2 (τ i ) and A 1 (τ i ) are given in Appendix A, and τ i ≡ 4m 2 i /m 2 φ with the index i denoting the particles in the corresponding loop. The dilaton partial decay width to a pair of Higgs bosons is,
where the trilinear coupling g φhh is given by,
There are two types of contributions in the dilaton couplings to the massless gauge bosons. The first type of contributions arise from diagrams containing loops of SM or twin sector particles, these are included in the expressions above with the loop factors. The second type of contributions are purely due to the running of the gauge couplings which are parameterized by the beta-function coefficients b i , defined as
where the b < i and b > i correspond to the IR and UV contributions to the beta-functions for the energy scales 0 ≤ µ ≤ Λ IR and Λ IR ≤ µ ≤ Λ UV , respectively, and Λ IR(UV) is the IR (UV) cutoff. In the mirror twin Higgs model the gauge couplings are assumed to be equal at low energy, and we speculate that this symmetry remains intact up to the UV with the gauge couplings running the same in both sectors. The reason that these coefficients are the same in the SM and twin sectors can be traced back to the Z 2 symmetry relating the masses and couplings of the SM and twin states. Hence, in the MTH model the beta-function coefficients of the two sectors are the same, i.e.b i = b i . However, the values of these b < i and b > i coefficients of the beta functions are highly model dependent as they depend on the number of states contributing to the gauge coupling running due to the IR and UV dynamics. In our convention, we consider the IR contributions to the b < i terms as arising from all of the low energy SM and twin states, regardless of their degree of compositeness. Hence the b < i in this model is equal to their corresponding SM values, i.e.
Furthermore, in this work we assume only the right-handed top quark and all the Goldstone bosons (including SM Higgs doublet) of the two sectors are composite, i.e. localized on the IR brane. Whereas, all the remaining SM and their twin sector states are assumed to be partially composite, i.e. localized on the UV brane or in the bulk. The fields localized on the UV brane or in the bulk contribute to the b > i terms, and as well as the contributions from bulk gauge kinetic terms proportional to volume factor 1/(kL). What is unknown in these composite models are the UV sources b > cft associated with the dynamics of the CFT breaking contributing to b > i . Therefore, in the following we consider two benchmark cases for the contribution due to the UV dynamics: 
Case-A:
We assume that the CFT dynamics cancel the contributions from the partially composite states and the bulk contributions proportional to 1/kL, such that the total UV betafunction coefficients are zero, i.e. b > i =b > i = 0. Hence, in this case, the total contribution to the effective b-coefficients b eff
Case-B: In this case we assume that the UV contributions from the CFT dynamics are zero (or negligible), i.e. b > cft =b > cft = 0. Therefore, the total UV contributions then arise solely from the running of the gauge couplings in both sectors due to the partially composite fields (bulk or UV-brane localized) and the bulk contribution due to volume factor, i.e. b > 3 = −22/3 + 2π/(α qcd kL), b > 2 = −10/3 + 2π/(α em kL), and b > 1 = 52/9 + 2π/(α em kL). Hence the total effective b-coefficients b eff i using Eq. (4.12) are
Note the bulk contribution is proportional to the inverse of the 5D volume kL which arises from the integration over the 5D bulk profiles of the gauge fields.
The branching ratios for the dilaton state to the SM and the twin sector as a function of dilaton mass are shown in Fig. 3, for the parameter choices f/v = 4 (left-panel) and f/v = 6 (right-panel), and m KK = 4 TeV. Note that the dilaton branching fractions are independent of scale F. The massless gauge boson branching ratios are those for the values of b-coefficients in case-A. The analogous plots for case-B are similar. Without invoking too much fine-tuning on the parameters of the effective potential for the dilaton, we assume in this work a dilaton mass in the range [200−2000] GeV. Such an assumption can be made based on estimates of the dilaton/radion mass from 5D RS-like models with GW stabilization mechanism, see e.g. [41, 57] , where a radion mass m φ ≈ O(0.1)m KK is obtained with natural choices of 5D parameters. Furthermore, this dilaton mass range is also phenomenologically motivated by the fact that LHC experiments are probing such masses with reasonably high precision.
The important lessons from the branching ratios in Fig. 3 are as follows: 
which is a manifestation of Goldstone equivalence theorem. One can understand this result as originating from the fact that the SM Higgs boson and the longitudinal components of weak gauge bosons from the SM and twin sectors are all components of the same scalar field, i.e. they are all Goldstone bosons of the same spontaneous symmetry breaking. Furthermore, the apparent mass dependence of gauge boson couplings (see Feynman rules in Fig. 8 ) are removed when we take into account the fact that the longitudinally polarized vector wave functions are proportional to p µ /m V . • The dilaton branching fractions to the massless gauge bosons in the both sectors are enhanced due to the trace anomalous and bulk contributions. • The dilaton branching fractions to the fermions are proportional to the fermion masses, therefore the branching fractions to the twin sector fermions are larger by a factor f /v, which can be seen from the above figure in the bottom quark channels in the two sectors.
We note the dilaton branching fractions are independent of F and only weakly dependent on m KK , which we have fixed to 4 TeV. However, there could be a non-trivial dependence of its branching fractions on f /v, as the twin sector masses are directly proportional to this ratio. To illustrate these effects we display contours of the invisible (twin sector) branching ratio of the dilaton as a function of f /v and m φ in Fig. 4 with m KK = 4 TeV and b-coefficients of case-A (4.13). Note that the dilaton branching ratios to massless gauge bosons are subdominant, therefore a change in b-coefficients would not be significant for Fig. 4 . We see that for larger values of m φ more of the twin sector states become on-shell and the invisible branching ratio increases towards ∼ 0.5. This occurs quicker for smaller values of f since the twin sector states are then lighter. 
Production cross sections at the LHC
To perform the phenomenological analysis for the LHC constraints we scan over the dilaton portal parameters m φ and F. Apart from m φ and F, we have f and m KK as the only other free parameters of the model. Note that fixing f, F and m KK fixes k/M Pl and kL as these are related by Eqs. (3.8)-(3.9). Hence by fixing the parameters (m φ , F, f, m KK ) we can fully determine the phenomenology of the model up to the choice of b-coefficients for the massless gauge bosons. Therefore in this sense the model is very predictive.
We calculate the production cross section of the dilaton at the LHC, adopting a strategy similar to that outlined in [61] . The total cross-section, production×branching fraction, of the dilaton is parameterized for different initial (i) and final (j) states as:
where σ SM (i → h) is the SM-like Higgs boson production cross-section calculated at the dilaton mass for i = (gg, V V ). We have calculated the SM-like Higgs cross-sections via gluon-gluon fusion (ggF) at the dilaton mass, taking into account N 3 LO QCD and NNLO EW corrections by adoption of the fortran code SusHi [67, 68] with PDF4LHC15_nnlo_mc parton distribution functions and renormalization/factorization scales chosen to be µ ∼ m φ /2. The factor B(φ → j) is the dilaton branching fraction to the j final state, whereas, effective coupling C φi is defined as,
where Γ SM (h → i)| m h =m φ is the SM Higgs partial decay width evaluated at the dilaton mass and Γ(φ → i) is the dilaton decay width in our model. In Fig. 5 we show the dilaton cross sections σ ggF φ normalized over C 2 φgg at the LHC via the gluon-gluon fusion (ggF) with center of mass energy 13 TeV and 27 TeV (HE-LHC). Note that the main production channel for the dilaton is ggF, with vector-boson fusion (VBF) being subdominant in the parameter space considered. Since ggF is the most important production channel for the dilaton at the LHC, it is instructive to give the explicit expression for C 2 φgg , i.e. In the lower-panel of Fig. 6 , we consider case-B for the values of the effective beta function coefficients where the UV contributions are zero and the only contributions are due to the composite states in the IR. In particular, the QCD beta function coefficient is b eff 3 = 1/3 − 2π/(α qcd kL) which is much smaller for kL ∼ 35 than the one considered in case-A, where its value was −7. Going from case-A to B, the dilaton effective coupling C φgg decreases by a factor of O(3) for fixed F. This strong reduction in the cross-sections leads to a weakening of the constraints on F by the same amount as shown in Fig. 6. For case-B (lower-panel) , we see the constraint on F is ∼ O(1−3) TeV with f /v = 4−6 in most of the dilaton mass range considered. Note by increasing the value of f /v the constraints get stronger as the dilaton production cross section via ggF gets an enhancement. This non-trivial effect can be understood by noting that for a fixed m KK (as in our case), increasing f reduces the value of kL (as seen in Eq. (3.8)), which then enhances the dilaton production cross section through its dependence on the effective coupling C φgg (4.18). As we go from f /v = 4 to 6, the direct search constraints on F get O(20%) stronger. Since the bulk volume contribution to the b eff 3 is not present in the case-A (4.13) therefore, we do not observe strong enhancement in the dilaton production and as a result there is no significant change in the constraints on F from changing f/v : 4 → 6, see upper-panels in Fig. 6 .
In addition to the existing constraints, the solid and dashed blue curves in Fig . Furthermore, in these plots the dotted gray curves show the constraints on the scale F in the absence of twin sector, i.e. only the SM and the dilaton. We note that the presence of the twin sector weakens the constraints on the scale F for relatively large dilaton masses, which is expected as for a large dilaton mass the twin gauge boson channels and twin top channels become kinematically accessible.
Global fit to the twin Higgs parameters
In these models the mixing between the pseudo-Goldstone Higgs boson and the dilaton field is negligible, therefore, the Higgs boson behaves very similarly to how it behaves in the holographic/composite Higgs models. Except now there will be invisible decays of the Higgs to twin sector states provided that they are kinematically allowed. The pseudo-Goldstone Higgs field couplings to the SM and twin gauge bosons are given by
where g SM hV V = 2m 2 V /v. The Yukawa couplings of the SM Higgs to the fermions in both sectors are slightly more involved, but can be calculated from the form factors in the effective Lagrangian. They are found to be approximately
where g SM hψψ = m ψ /v. The loop induced couplings of the Higgs to gluons receives contributions primarily from the top quark and can be expressed simply as (see also Sec. 3),
while the loop induced coupling to photons involves loops of both the top quark and W bosons. Through the couplings to the twin quarks the Higgs will also couple to the twin gluons and the twin photon. For more details on the loop induced couplings of the pseudo-Goldstone Higgs we refer the reader to [63, 64, 66] .
To analyse the compatibility of the SM-like Higgs boson in the composite/holographic twin Higgs models with the data from the LHC experiments, we calculate the cross-section times branching fractions as,
where for i = (gg, V V ) the effective SM Higgs couplings in the model are
The SM Higgs signal-strength measurements and its couplings in many production and decay channels have been measured with impressive precision at the LHC Run-2 and they provide stringent constraints on BSM models. We perform a global χ 2 fit to the Higgs signal strength measurements, defined as production×branching fractions relative to those of the SM expectation, i.e.
This is performed with Lilith-2 [81, 82] which incorporates all of the relevant LHC Run-2 data. For the global χ 2 analysis Lilith-2 employs variable Gaussian and Poisson likelihoods with full LHC Run-2 data from ATLAS and CMS for 36 fb −1 . For details on the implementation of Lilith-2 and experimental data used, see Refs. [81, 82] . In Fig. 7 we summarize the constraints from the SM Higgs measurements on the model as a function of f/v. Note that f/v is the only parameter relevant for these measurements in this model. The blue curve shows the SM Higgs signal strength measurement µ ggF V V where V = W/Z with left y-axis markers. Whereas, the ∆χ 2 fit to the SM Higgs signal strength measurements is shown in red curve with markers on the right y-axis. The green curve shows SM Higgs invisible branching fraction B(h → inv.), i.e. the SM Higgs decays to the twin sector (markers are w.r.t. left y-axis). We also show with dashed light-red 2σ and 3σ lines for the ∆χ 2 fit to the Higgs data. Note that ∆χ 2 at 3σ already pushes f/v 4 which corresponds to about 10% fine tuning. The gray dash-dotted vertical lines show fine tuning required in the twin Higgs model, i.e. ∆ ft ≡ 2v 2 /f 2 . It is projected that the Higgs signal strength measurements at the HL-LHC would push the scale further up to f/v 6 corresponding to a fine-tuning less than 5%.
Conclusions
Twin Higgs scenarios provide an enticing alternative to the more widely studied frameworks of minimal composite Higgs and supersymmetric models. With their ability to elegantly explain a little hierarchy between the electroweak scale and a new physics scale, they are perhaps one of the best motivated new physics scenarios to probe at the LHC. In this paper we consider a strongly interacting twin Higgs model, where the UV theory is approximate scale invariant. This model predicts a relatively light dilaton in the low energy EFT, which provides a portal between the SM and twin sectors. This opens up a new avenue in twin Higgs phenomenology, where we demonstrate that the presence of a twin sector can have dramatic effects on the phenomenology of a dilaton state with mass near TeV scale. We started with a discussion of a UV completion of the twin Higgs mechanism through a strongly coupled scale invariant UV theory, and derived the low energy theory based on minimal global/scale symmetry conditions designed to produce the required matter structures. The presence of approximate scale invariance in the UV leads to the introduction of a new degree of freedom in the IR, the dilaton field. The fact that this field lives close to the compositeness scale introduces an even richer phenomenology for the new physics sector. Based on symmetry and scaling arguments we derive the form of the interactions that this dilaton field should have within the SITH model. The results thus far had been quite general, however a calculable framework in which to constrain the parameter space of these models is preferred, therefore we then introduced the 5D holographic twin Higgs model [23] . The AdS/CFT correspondence tells us that these holographic models based on the RS-like geometry with a stabilization mechanism should mimic the effective theory of a strongly coupled scale invariant gauge theory which confines in the IR (∼ TeV). We detailed the construction of the twin Higgs model in this 5D framework, where the introduction of the dilaton field occurs naturally in the guise of the radion field. Interactions between the dilaton/radion field and the states in the twin Higgs model are derived and approximate relations for the couplings and branching ratios are given. We find that the parameter space of the model is covered by four parameters, (m φ , F, f, m KK ), and from here we perform our analysis.
We begin the analysis with a study of the branching ratios and show the impact that the presence of the twin sector has. As expected, for large dilaton mass the branching ratio to SM states reduces to roughly 50% of what it would be were the twin sector not there, this can have a considerable effect on the radion phenomenology. We proceed to compute the exclusion bounds ( Fig. 6 ) on the scale F for differing values of f /v, demonstrating that the current bounds lay only the range O(few) TeV, aided through the presence of the twin sector states. In fact we see a significant effect on the exclusion bounds when going only from f /v = 4 to f /v = 6. Furthermore, we illustrate the significance of IR and UV contributions to the running of gauge couplings in this model which define the dilaton couplings to massless gauge bosons. In the same plot we presented the projected reach of HL-LHC (14 TeV) and HE-LHC (27 TeV) with 3000fb −1 at 95% C.L. demonstrating that these LHC upgrades could take the bound on F to O(10) TeV even with the presence of the twin states. Lastly we considered possible constraints on f /v due to deviations in the Higgs boson's couplings and its invisible decays, since in the presence of the twin sector the Higgs boson can now have an appreciable invisible decay width. Performing a global χ 2 fit to the Higgs signal strength measurements we find that at 3σ we already require f /v 4.
In this paper we have performed a detailed study of dilaton phenomenology in a composite twin Higgs model, using the holographic correspondence as a tool to provide a calculable framework in which to do so. The results of the study not only provide the current bounds on the model parameters, but also demonstrate the power that increased precision on Higgs coupling measurements and increased sensitivity in resonance searches will have on the parameter constraints. It is straightforward to generalize our results to other neutral naturalness models with strongly coupled UV completions.
In this Appendix we present the Feynman rules for the dilaton in a SITH model. We derived the Feynman rules in Fig. 8 under the assumption that corrections in the dilaton couplings to the massive fermions and gauge bosons of the SM and twin sectors due to the explicit breaking of CFT in the UV are negligible. This assumption is verified in both the CFT and holographic pictures in Ref. [35, 42] , see also [41] . It was shown in [35, 42] that these corrections are proportional to m 2 φ /F 2 or m 2 φ /m 2 KK , hence in the limit when the dilaton is relatively light, as in our case, one can neglect these corrections. Regarding the dilaton couplings to massless gauge bosons in the both sectors, in Sec.4 we consider two cases for the UV contributions from the CFT breaking in the running of gauge couplings, i.e. the effective b-coefficients. In Fig. 8 we collect all the relevant three point vertices for the dilaton portal phenomenology in the composite twin Higgs models.
Following the notations of the Higgs Hunter's Guide [83] , the form factors F 1/2 , F 1 , A 1/2 and A 1 employed in the Feynman rules ( Fig. 8 ) are where τ i ≡ 4m 2 i /m 2 φ , κ i ≡ 4m 2 i /m 2 Z , and
The subscript of F s and A s indicates the spin of corresponding particle in the loop, i.e. s = 1/2 corresponds to quarks for QCD, and quarks and charged leptons for QED; whereas, s = 1 implies charged gauge bosons, i.e. W ± . The corresponding twin sector loop functions are straightforward to obtain from the above generic formulae by appropriately replacing the masses, couplings, etc.
